Abstract-Safety issue is a great concern for rehabilitation robots that are expected to contribute to future aging society. Appropriate compliance is required for their joints. However, combination of servomotors and high-ratio gears, such as harmonic gears, makes the joint of robots nonbackdrivable. The nonbackdrivability causes lack of adaptability and safety. On the other hand, conventional direct-drive systems, including linear motors, are relatively big for such application. This paper presents the development and analysis of compact high-backdrivable directdrive linear actuator. The motor consists of a helical structure stator and mover. The mover does not contact the stator and moves helically in the stator under a proper magnetic levitation control. Thus, the motor realizes direct-drive motion without mechanical gears. Decoupling control is proposed and integrated with disturbance observer to achieve robustness against model uncertainties and input disturbance. The main contribution of this paper is to experimentally realize the direct-drive feature of the helical motor.
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IRECT-DRIVE system is almost free from backlash and friction and easy to realize for precise, high-speed, and safe motion. Therefore, from the viewpoint of controllability, the direct-drive systems are suitable for robotics applications. On the other hand, safety issue is a great concern for rehabilitation robots that are expected to contribute to future aging society [1] - [3] . Appropriate compliance is required for their joints. However, in robotics application, a combination of servomotors 0278-0046/$26.00 © 2011 IEEE and high-ratio gears, such as harmonic gears, is widely used in practice. During transmission by the high-ratio gear, loss of torque and power occurs, and the joint of robots becomes nonbackdrivable which causes lack of adaptability and safety.
To recover the backdrivability, several joint mechanisms and controls were proposed [4] - [12] . The direct-drive system for robotic application, first reported in [4] , avoids friction loss and realizes good controllability. Less friction direct-drive system enables sensorless force control based on disturbance observer [5] . However, the mass and volume of the robot become too big and not suitable for practical applications. Another sensorless force control for a robot manipulator with geared actuators was reported in [6] . The bandwidth of the controlled system was limited due to friction of gears. In order to improve the performance of force control system, several solutions were proposed. One is the disturbance observer combined with an accelerometer proposed in [7] , which enhances the sensing bandwidth. Another solution is a twin-drive system reported in [8] , which cancels the static friction of each of the two geared motors by using a differential gear system. The static friction does not appear in the total output of the joint system. Some actuators put elastic mechanism between the output and gears [9] - [12] . The elasticity improves stability and safety but decreases controllability in high-frequency domain. A twostage actuator system [10] overcomes this drawback, but the system becomes complicated.
Conventional linear motors provide direct-drive motion and eliminate mechanical transmission devices. Recently, many works on PM linear synchronous motors have been reported [13] - [28] . Due to low thrust per unit volume characteristic, the size of the system becomes relatively big for high-thrust application. A high thrust density linear motor (HDL) has been proposed in [13] , [14] . From the viewpoint of a thrust per air gap area, HDL can generate a thrust force two times higher than conventional PM synchronous motor and six times than linear induction motors [13] . PM tubular linear (PM-TL) motor is another example of high thrust-force linear motor [15] - [23] . The design optimization and magnet arrangement of the PM-TL motor was discussed in [15] , and the quasi-Halbach magnetized magnet type was developed in [16] - [18] . Short-stroke singlephase PM-TL motor was developed in [19] to drive a reciprocating vapor compressor. Comparisons among different PM-TL motor configurations were reported in [20] . The finite-element analysis of the coupled magnetothermal behavior of PM-TL motor was presented in [21] revealing valuable information for the design optimization process. Sensorless control for PM-TL motor based on pulsating voltage injection was presented in [23] . Controls of PM linear motors were reported in [23] - [28] . Another linear actuators such as a PM linear oscillatory machine [29] , linear switched reluctance motors [30] , [31] , a dual solenoid actuator [32] , a hybrid magnetic suspension actuator [33] , a linear piezoelectric ceramic motor [34] , and shape memory alloy actuators [35] , [36] were investigated.
There are several approaches to improve the thrust force of linear motors. Roughly speaking, thrust force is directly proportional to gap area and inversely proportional to gap length. A method to expand gap area without increasing volume is to design a motor of a special 3-D structure.
Recently, a novel high-thrust quasi-direct-drive linear actuator with helical (spiral) structure has been developed [37] . This motor is an axial-gap helical-motion PM motor. The motor has relatively high thrust-force characteristics owing to the wide gap area on the helical 3-D structure. For feasibility study, openloop (synchronous drive) control was carried out, and it has been confirmed in [37] that helical motor is almost close to the latest state of the art in linear motor technology. By introducing a ball screw at the axis of the mover, the magnetic levitation control was not necessary for the first prototype reported in [37] . As a result, the system only has a quasi-direct-drive feature.
The motor developed in this paper does not utilize a ballscrew mechanism. Therefore, a proper magnetic levitation control (gap control) is needed to achieve full direct-drive feature of the motor. Moreover, the helical structures of the first prototype were approximately realized by combining almost flat units. However, the helical structures of the proposed motor are fully helical shape. Helical motor consists of a helical stator and a helical mover with PM. The mover does not contact the stator and moves helically in the stator under a proper magnetic levitation control. Thus, the motor realizes directdrive motion without mechanical gears. Fig. 1 shows the helical motor's basic structure. Slots are provided for winding on the surface of the stator. PMs are attached on the surface of the mover. The flux in the axial direction is generated by the threephase winding in the stator slots. Thrust load of the mover is controlled directly by the electromagnetic force while two slide rotary bushes support the radial load.
Simulation results of direct-drive system have been presented in [38] - [41] . Initial, basic, and experimental result of magnetic levitation control has been done in [42] neglecting the linear position dynamic. Realization of direct-drive motion of helical motor was not achieved in [42] . In this paper, decoupling control is proposed, to decouple the gap dynamic from the linear position dynamic, and integrated with disturbance observer to achieve robustness against model uncertainties and input disturbance. The main contribution of this paper is to experimentally realize the direct-drive feature of the proposed motor.
The concept of the helical motor under the levitation control proposed in this paper is similar to existing levitation motors [43] - [49] . There are axial-gap-type [43] , radial-gap-type [44] - [46] , and linear levitation [47] motors. An application to blood pump is reported in [48] , [49] . However, the structure of the proposed motor is completely different from existing levitation motors.
On the other hand, various types of a helical-motion motor capable of producing rotary, linear, or helical motion have been proposed in [50] - [56] . There are induction-type [50] - [53] , reluctance-type [54] , and PM-type [55] , [56] motors. Another variation is a one-degree of freedom (DOF) actuator with rotary-type stepping motor drive system applied to a mover with double-helical PM [57] . All of the aforementioned helical motors are radial-gap motors. Therefore, the gap area of these motors is basically the same as tubular linear motors, and there is no gain of thrust force per unit volume.
This paper is organized as follows. In Section II, the structure and modeling of helical motor is presented. The proposed direct-drive control that decouples the gap dynamic from the linear position dynamic is given in Section III. Experimental results are given in Section IV. Finally, conclusions are given in Section V.
II. MODELING OF HELICAL MOTOR

A. Prototype
The helical-shape stator yoke shown in Fig. 2(a) is made of soft magnetic composite. A helical-shape Nd-Fe-B magnet is shown in Fig. 2(b) . Internal structure of the stator is shown in Fig. 3(a) . The Nd-Fe-B magnets are attached on the mover yoke which is made of silicon steel, as shown in Fig. 3(b) . Precise helical shapes of the stator and mover enable uniform short length of air gap and avoid concentration of stress when the mover touches down to the stator. Moreover, Teflon sheets have been installed on the surface of the magnet to avoid direct ironto-iron contact of the stator and mover if the axial control is lost.
The exterior of the helical motor is shown in Fig. 4 . A rotary encoder and linear encoder attached to the motor measure the linear position x and rotation angle θ for control. Displacement of the air gap x g is computed by using these measurements as follows:
where l p is the lead length of screw. 
B. Permeance Model
Throughout this paper, the edge effect is ignored, and it is assumed that the permeability of the PM μ m is equivalent to the permeability in vacuum μ 0 . Using the permeance model of the helical motor for 360
• electrical angular displacement in polar coordinates, voltage equation and thrust-force and torque equations are analytically driven in this section. Fig. 5 shows the polar coordinate expression of the motor. From this model, a simple magnetic circuit is obtained as shown in Fig. 6 . R g = 3p(l g − x g )/Sμ 0 is the reluctance of forward side air gap for an area of each phase winding, where S is the gap area of the cross section of the cylinder and l g is the nominal length of the air gap. R g = 3p(l g − x g )/Sμ 0 is the reluctance of backward side air gap. R m = 3pl m /Sμ m is the reluctance of a PM, where l m is the magnet width and p stands for the number of pole pairs per 360
• mechanical angular displacement. c(θ) = k cos(θ) is a spatial function of magnetomotive force of the PM, where k is the fundamental component.
Two independent three-phase inverters are required for driving the helical motor. One inverter controls the part (A) circuit, and the other controls the part (B) circuit. Assume that equivalent field magnet windings are located instead of PM. T is the current vector and L is the inductance matrix. Φ m and I m represent interlinkage flux and equivalent magnetization current for the field magnet windings, respectively. For salient-mover machine, a mutual inductance between n i -turn windings at position θ i and n j -turn windings at position θ j is given by
) are the d-and q-axis permeances, respectively. l = l g + l m is a nominal gap between the mover iron and the stator. If the machine is not salient, then the following holds:
. Using the inductance matrix, the voltage equation and the thrust-force and torque equations of the helical motor can be given as follows:
where
T is the voltage of each windings, R = diag(R s , R s , R s , 0) is the winding resistance, and f and τ are the thrust force and torque of the mover, respectively.
Equations (3)- (5) are not convenient for the control design. Therefore, dq-axis model of the helical motor is derived using the following transformation matrix: 
and zero-phase current/voltage, respectively. V m is the voltage of equivalent field magnet windings of the PM, respectively. Finally, after some algebraic arrangements and observing that I m is a constant and ignoring the zero-phase dynamic, the following dq-axis voltage equation is obtained:
where Ψ m = L dm I m corresponds to field flux by the PM.
inductances, respectively. L dm = 3/2nn m P d is the equivalent mutual inductance between d-axis stator windings and field magnet windings. Equation (7) makes use of (1) and the following relation:
The dq-axis voltage equation of part (B) in Fig. 6 is identical to (7) (3) and (4), the total thrustforce equation and the total torque equation can be written in terms of I dq current as follows:
To this end, the equation of motion is obtained as follows:
where M is the mass of the mover and J is the inertia of the mover. D and D τ are the friction coefficients for linear/ rotational motion, respectively.
III. DIRECT-DRIVE CONTROL
For the control design, the thrust-force and torque equations are rewritten as f all = f 0 + Δf and τ all = τ 0 + Δτ , where
is the equivalent axial stiffness due to PM, which gives a force in favor of the displacement, i.e., destabilizing effect. K f = 2Ψ m0 /l is the thrust-force constant and K τ = 2pΨ m0 is the torque constant. Here, L m0 and Ψ m0 are the values of L m and Ψ m at x g = 0, respectively. (11)- (14), the helical motor model can be rewritten as
where subscript n denotes the nominal value. d x and d θ are thrust-force and torque disturbances including modeling error, respectively. To this end, the current in (15) and (16) can be considered as a virtual input. Therefore, the following change in the input coordinates:
transforms the system into
where u x and u θ are the new inputs yet to be designed. The modeling error and input disturbance are compensated using the disturbance observer [5] - [7] as follows:
v x is the linear position controller, v xg is the gap regulator, and v θ is the rotation controller used to decouple the linear 
where s is the Laplace operator and ω x and ω θ are the cutoff frequencies of the disturbance observer for linear/rotation motion, respectively. Finally, proportional-integral current regulator is used so that I d and I q track their reference values.
IV. EXPERIMENTAL RESULTS
Extensive simulation results can be found in [38] - [41] . In this section, direct-drive feature of the helical motor is validated through experiments. Table I shows the parameters of the control system and the nominal values of the motor. Fig. 4 shows the exterior of the helical motor. A rotary encoder attached to the mover shaft generates 5000 pulses/r. The resolution of the rotary encoder is 2π/20 000 using quad edge evaluation method. A linear encoder is attached to the motor with a resolution of 1 μm using quad edge evaluation method. Two independent three-phase inverters, working at a 15-kHz switching frequency, are used for driving the helical motor. One inverter (inverter F) controls part (A) circuit, and the other (inverter B) controls part (B) circuit in Fig. 6 . Three-phase currents are measured using two current sensors and captured into a DSP via A/D converter board at every sampling period of 66.7 μs. Fig. 7 shows the helical motor control system. Experiments were performed, and the results are shown in Figs. 8-10 . Fig. 8 shows the experimental results for magnetic levitation (gap) control. The mover touches down at t < 0 s, i.e., the gap displacement is equal to 0.35 mm. At t = 0 s, the gap control is working, and the gap displacement converges to the neutral position after short transient. The d-axis current shown in Fig. 8 converges to very small value as the gap displacement converges to the neutral position.
After the gap has been regulated, a step reference of 0.5 mm has been given to the controller at t = 0.5 s, then, at t = 1.5 s, the reference signal is changed to zero. The results are shown in Fig. 9 . Fig. 9(a) shows the linear position of the mover, while Fig. 9(b) and (c) shows the gap variation and the rotation angle of the mover, respectively. The d-axis current and q-axis current are shown in Fig. 9(d) and (e) . From the result, the linear position of the mover manages to track the reference signal by synchronously changing the rotation angle while maintaining the gap displacement within a reasonable value. The axial DOF follows the kinematic relation between screw pitch and angle of the mechanical screw as indicated by (1) . Fig. 10 shows the experimental results for pushing and pulling the motor mover. A force meter is used to read the actual (maximum) pushing/pulling force. For pushing case, the force meter gives 90 N which concedes with the estimated force as shown in Fig. 10(c) . The gap variation and the d-axis current are shown in Fig. 10(a) and (b) , respectively. For pulling case, the force meter gives 70 N which concedes with the estimated force as shown in Fig. 10(f) . The gap variation and the d-axis current are shown in Fig. 10(d) and (e), respectively.
The results from the experiments validate the motor and the proposed control.
V. CONCLUSION
This paper has presented a new type of linear actuator. The motor consists of a helical structure stator and mover. The mover does not contact the stator and moves helically in the stator under a proper magnetic levitation control. Thus, the motor realizes direct-drive motion without mechanical gears. Decoupling control is proposed and integrated with disturbance observer to achieve robustness against model uncertainties and input disturbance. Experimental results are given to validate the direct-drive feature of the motor.
The proposed motor is effective for driving a parallel mechanism robot and is expected to be one of the solutions for safe and high performance in robotics applications.
